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Abstract 
The Illinois Basin – Decatur Project (IBDP) is one of the US Department of Energy National Energy Technology 
Laboratory-funded carbon dioxide (CO2) sequestration projects that is approaching the goal of injecting one million 
tonnes of CO2 within three years. Since mid-November 2011, IBDP has maintained the target injection rate of 
approximately 1,000 tonnes of CO2 per day into the Mt. Simon Sandstone at a depth of approximately 7,000 ft (2134 
m). Several measurement, monitoring, characterization, data integration, and modelling technologies have been 
implemented on this project, including real-time continuous microseismic monitoring which commenced several 
months prior to start of injection. 
Much of the extensive site characterization effort at IBDP has been motivated by the desire to understand the source 
mechanisms for observed microseismicity toward the ultimate goal of developing predictive capability. A rich 
dataset of microseismic observations has been acquired over nearly 4.5 years of monitoring to-date. These 
observations form semi-linear clusters in space, supporting the interpretation of a structural source mechanism. 
However, corresponding structural features are not observed in the existing 3D seismic data. This lack of direct 
observation of a structural source feature prompted a multi-disciplinary geoscience based approach to understanding 
the source mechanism for the observed microseismicity.  
Relationships between microseismic event occurrence and subsurface geology are observed in multiple domains and 
at multiple scales. Geomechanical characterization efforts show that the orientations of clusters are consistent with 
the in-situ tectonic stress regime. Microseismic event first motion analysis suggests focal mechanisms also 
consistent with the tectonic stresses. While no faults or other structural discontinuities may be unambiguously 
interpreted from the seismic data using conventional amplitude interpretation methods, investigation of specialized 
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edge detection seismic attributes reveals a directional fabric in the rock mass that is consistent with the orientation of 
microseismic clusters. At a macro scale, some microseismic clusters appear to be associated with topographic 
features in the Precambrian basement interpreted from 3D seismic data. At the opposite end of the scale, the 
fractures observed in grains are suggestive of a tectonic stress regime consistent with both the geomechanical 
analysis and the microseismic cluster orientation.  
Through these multi-disciplinary, multi-scale studies, an understanding of the relationship between subsurface 
geology and observed microseismicity is evolving. While no single observation set supports unambiguous 
correlation, the consistency between multiple lines of investigation supports an interpretation of in-situ stresses, rock 
fabric anisotropy, grain scale failure, and relationships to basement structure, all consistent with realistic hypotheses 
for the microseismic source event mechanisms. One such source mechanism hypothesis has been tested using 
sophisticated numerical fluid flow and geomechanical modeling followed by seismological calculations, preliminary 
results of which are presented here. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Introduction
The Illinois Basin – Decatur Project (IBDP) is one of the US Department of Energy National Energy Technology 
Laboratory-funded carbon dioxide (CO2) sequestration projects that is approaching the goal of injecting one million 
tonnes of CO2 within three years. Since mid-November 2011, the project has maintained the target injection rate of 
approximately 1,000 tonnes of CO2 per day into the Mt. Simon Sandstone at a depth of approximately 7,000 ft (2134 
m). Several measurement, monitoring, characterization, data integration, and modeling technologies have been 
implemented on this project, including real-time continuous measurement of microseismic monitoring which 
commenced several months prior to start of injection. Extensive site characterization efforts have supported the 
development of a high quality static geologic model if the reservoir, confining zones, and overburden which has 
formed the basis for fluid flow and coupled fluid flow/geomechanical models. A key objective of the microseismic 
monitoring effort has been detailed characterization of the observed microseismicity and the development of a 
predictive capability. Experience, outlined in this paper, has taught us that the mechanisms responsible for induced 
microseismicity at IBDP may only be inferred through extensive multi-disciplinary studies which allow analysis of 
microseismic observations within a comprehensive geological framework and which facilitate modeling of the 
operative dynamic processes. 
2. Geology and Subsurface Characterization
2.1. Geology 
At the IBDP site the Mt. Simon Sandstone is divided into three major sections and five units based on distinct 
changes in the environment of deposition [1] (Figure 1). The IBDP reservoir is in the Lower Mt. Simon Unit A and 
consists of fluvial deposited fine to coarse-grained arkosic sandstones and conglomerates that are largely 
unconsolidated in the injection zone [1]. These high quality reservoir rocks in the Lower Mt. Simon Sandstone 
unconformably overlie a pre-Mt. Simon deposit composed of poorly sorted and well cemented arkosic and lithic 
sandstone and conglomerate [1] [2]. The pre-Mt. Simon is a low porosity, low permeability marine deposit of much 
lower reservoir quality than the Lower Mt. Simon injection zone. The underlying Precambrian basement is 
comprised of a thin veneer of rhyolite and is underlain by granodiorite and granite. Both the pre-Mt. Simon 
sandstone and the Lower Mt. Simon Sandstone contain low-angle bedding planes of weakness marked by clay 
build-up and the occasional near vertical to high-angle fractures visible in core and FMI logs. Minor fractures and 
deformation bands are observed in petrographic thin sections in the Lower Mt. Simon and pre-Mt.Simon. Among 
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numerous tight baffles in Mt. Simon and overlying formations, significant sealing formations for preventing CO2 
migration from the Mt. Simon reservoir include the New Albany Shale, the Maquoketa Shale, and the Eau Claire 
Formation (near or at the base of the Knox Group)[3].  Figure 1 shows the geologic section for the Precambrian and 
Cambrian including the Mt. Simon and overlying formations at the IBDP project site. 
 
2.2. Static Geologic Model 
The IBDP site characterization effort has included acquisition of two-dimensional (2D) surface seismic, three-
dimensional(3D) surface seismic, and multiple 3D vertical seismic profile datasets, as well as comprehensive 
logging, coring, and testing programs in the three wells drilled to-date. The 3D seismic dataset was interpreted and 
depth converted providing the basis of the 3D static model structural framework. The 3D seismic dataset was also 
inverted using both acoustic (AI) and elastic (EI) methods. Logs and core underwent comprehensive petrophysical 
and geomechanical testing. The resulting seismic inversion products plus log and core analyses were used to 
populate 3D static models with petrophysical and geomechanical properties. Distribution of properties for the static 
model included both Gaussian Random Function Simulation (GRFS) and co-Kriging interpolation methods 
informed through geostatistical sampling of the porosity cube. Figure 2 shows a 3D montage of the static model 
with seismic data, the seismic porosity inversion product, well logs, interpreted 3D seismic Mt. Simon base horizon, 
and geostatistical 3D porosity distribution for the lower Mt. Simon A Formation. The static geological model has 
been a key component in analysis of microseismicity at the IBDP site.    
 
3. Microseismic Monitoring 
3.1. Monitoring system 
The microseismic monitoring network consists of a combination of 3-component and 4-component geophone 
arrays in the injection well (CCS1) and in a geophysical monitoring well (GM1) located approximately 61 m (200 
feet) apart. Well CCS1 is outfitted with two levels of four component (tetrahedral configuration) tools located within 
the Mt. Simon formation at depths of 1,751 and 1,871 m (5,743 and 6,137 feet). GM1 is outfitted with 31 levels of 3 
component tools at 15.2 m (50ft) intervals between 624 and 1,052 m (2,047 and 3,445 feet) depth with two located 
near ground level. The locations of the wells CCS1 and GM1 within the project site are shown in Figure 3(a). The 
monitoring array geometry is shown in Figure 3(b). All channels are sampled at 0.5 mS sampling rate and all raw 
data are written to disk in SEG2 format. The field data management system also performs real-time preliminary 
event location, moment magnitude calculations, and sends email event alerts. Acquisition of a pre-injection baseline 
commenced in May of 2010, approximately 18 months prior to start of injection at CCS1 in November of 2011. 
While the pre-injection monitoring period contained a large amount of microseismic activity associated with nearby 
project-related well construction activity, the level of natural background microseismic activity was minimal.  
 
3.2. Event occurrence and characteristics 
Twenty-two months into injection, a total of 10,123 microseismic events have been detected; of these, 2,573 events 
had sufficient waveform integrity for spatial location and calculation of moment magnitude. Microseismic 
magnitudes have ranged between -1.91 and +1.0 with a mean of -0.85. Microseismic event activity (rate) peaked in 
June of 2012 with 477 located events during that month. Since that time the monthly located-event count has 
dropped and has never exceeded 30% of that rate. Within the first six months of CO2 injection, microseismic 
clusters took take shape to form four NE striking trends. These clusters occur 305 to 762 m (1,000 to 2,500 feet) 
northwest of the CCS1 injection well. By September of 2012 a circular margin of activity demarked a radius of 
approximately 610 m (2,000 feet), with its center located approximately 274 m (900 feet) SW of CCS1. By October 
of 2013, a total of 16 microseismic clusters (Figure 4(a)) had formed with a majority of the located events occurring 
to the north and northwest of CCS1. With the exception of one cluster located 2,287 m (7,500 feet) NW of CCS1, 
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95% of the located events are within a 1,372m (4,500 foot) radius of CCS1. Half of the clusters are tight enough to 
discern clear NE striking trends. Events clusters span a vertical extent including the injection interval in the lower 
Mt. Simon Sandstone, the pre-Mt. Simon sandstone below the Mt. Simon injection interval, and the upper portion of 
the Precambrian basement rock. Richter-Gutenberg analysis of the data on cluster-by-cluster basis illustrates a 
distinct tectonic characteristic evidenced by a slope of -1 on the plot of log(N) versus moment magnitude (Figure 
(4(b)). In addition to computation of spatial location and moment magnitude the data have been analysed on a 
cluster-by- cluster basis using P vs Sh amplitude ratio Fault Plane Solution (FPS) methodology.  Figure 5(a) shows a 
map view of the event clusters along with the strike of FPS solution for each cluster. Figure 5(b) shows an example 
of the FPS analysis for cluster 4 illustrating a good fit to a strike-slip model for a feature trending N45E. 
 
4. Relationship between microseismic events and subsurface geology 
The ultimate objective of the microseismic characterization program at IBDP is to develop a predictive model for 
injection induced microseismicity using advanced numerical modeling techniques. Fundamental to this objective is a 
conceptual model for the source mechanism which may be implemented in fluid flow and geomechanical models.  
Under ideal conditions the geologic features, such as faults or joints, responsible for the observed microseismic 
activity would be directly observed in the 3D seismic data. While the microseismic events observed at IBDP present 
themselves in coherent linear clusters suggestive of faults or joints, such features are not seen in the seismic data. 
Fault Plane Solution analyses presented in Section 3.2 strongly suggest a strike-slip tectonic mechanism. However, 
due diligence dictates that this interpretation be consistent with plausible interpretations of other geological and 
geophysical data. In fact, inter-consistent relationships between microseismic event occurrence and subsurface 
geology are observed to some degree across the multiple domains and scales investigated as part of the IBDP 
project. As such, development of the conceptual model has involved validation of the strike-slip conceptual model 
for the source mechanism by piecing together indirect but inter-consistent lines evidence, followed by testing of the 
strike-slip model hypothesis using an integrated numerical model.      
 
4.1. Core Analysis 
Whole core has been acquired in three wells at the IBDP site. Among other cored intervals, the entirety of the Lower 
Mt. Simon and pre-Mt. Simon was cored.  Cores were described in detail and observed for diagenetic features such 
as fracturing and faulting. While no discernible stress related failures were observed in the Mt. Simon Sandstone 
itself, fractures in the pre-Mt. Simon (Figure 6(a)) provide evidence of historical stress related failure in these more 
brittle rocks directly underlying the Mt. Simon sandstone. Fracturing of detrital grains in the pre-Mt. Simon (Figure 
6(b) appear to be related to both grain compaction and tensional stress. Core samples from the underlying 
Precambrian basement contain near vertical fractures exhibiting calcite cements and diagenetic alteration along 
fractures indicating existence of fractures and fracturing pre-drilling activities [1].   
 
4.2. Seismic Attribute Analysis 
Seismic attributes are mathematical transformations of seismic data which magnify features not directly seen in the 
seismic amplitudes themselves. Different types of seismic attributes have proven to be useful for specific 
interpretation objectives such as sub-seismic resolution stratigraphic interpretation, fluid detection, lithology 
discrimination, and structural interpretation. Of particular interest to structural interpreters are the class of attributes 
referred to as “edge detection” attributes because they are designed to detect extremely subtle discontinuities in 
seismic data, such as faults and fractures, often when they are not directly seen in the seismic amplitude volume. 
One such attribute; 3D curvature, was used to examine the 3D seismic volume for evidence of the source 
mechanism of the observed microseismic activity. 3D curvature is not a measure of the physical curvature (in space) 
of a geologic feature. Rather, it is an extremely sensitive measure of the spatial coherency of the seismic signal in 
three dimensions. Minor disruptions in spatial coherency may be indicative of very subtle, sub-seismic resolution 
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features.  Figure 7 shows a horizontal slice through the 3D curvature attribute at the approximate depth of the Mt. 
Simon A-pre-Mt. Simon formations. In the area of microseismic activity (also shown) the 3D curvature attribute 
exhibits a distinct linear texture in an orientation which is consistent with the orientation of the microseismic 
clusters and the known in-situ stress tensor (discussed in a later section). It is also notable that little microseismic 
activity exists in area closer to the injection well (CCS1) but where the 3D curvature is more chaotic in texture,   
 
4.3. Paleotopography 
The unconformity between the Precambrian and the overlying Mt. Simon Sandstone, known as the sub-Sauk 
unconformity, is estimated to be approximately 900 million years. [4].  The Precambrian is known to be highly 
faulted with many faults pre-dating Cambrian deposition. Inspection of the 3D interpretation of the Pre-Cambrian 
surface suggests that microseismic activity tends to be spatially associated with Precambrian paleotopographic 
features (Figure 8). Figure 9 shows a contemporary analog for the exposed Precambrian surface from Death Valley 
in which the extensional tectonic features are undergoing erosion, transport, and deposition of eroded materials.  The 
analogous process in the Precambrian at the IBDP site, followed by deposition of thick sandstone units, would likely 
have resulted in complex stratigraphic features and lithological discontinuities. Such features could host a variety of 
locally anomalous geomechanical stress regimes and may present topographically-oriented planes of mechanical 
weakness, perhaps induced by drape over the eroded Precambrian surface as the Mt. Simona was deposited. 
 
4.4. Flow simulation 
A key aspect of the conceptual microseismic source model is the inherent strength of the feature believed to be a 
pre-existing zone of weakness in relation to the strength of the surrounding host rock. The strength of the feature 
dictates the injection induced increase in pore pressure required to allow the release of some portion of the stored 
energy. Similarly, at pore pressures below this limit the feature is mechanically stable. Analysis of microseismic 
activity versus time on a cluster-by-cluster basis revealed a consistent behaviour in which the activity started low, 
ramped up to a peak, and then tapered off. This behaviour is mechanically consistent with the conceptual model of a 
critically stressed feature under the condition that pore pressure, after exceeding the level required to release stress, 
stabilizes to a steady-state condition. This hypothesis was tested using the IBDP reservoir simulation model. Figure 
6(a) shows the event activity (black bars) along with simulated and observed CCS1 bottom hole pressure, and 
simulated pressure at the approximate location of the center of microseismic event cluster 4. The red, blue, and 
green pressure profiles are for different assumptions regarding the hydraulic conductivity of the feature (i.e. sealing 
or non-sealing feature). It is seen that the reservoir simulation model predicts a near steady-state pressure condition 
is achieved which, according to the conceptual model, would result in mechanical stability after a certain level of 
stored energy is released through microseismic emissions. Figure 10(b) shows a map view of the CO2 plume and 
differential pressure contours at a selected time step. Differential pressure is defined as the injection induced 
increase in pressure over the pre-injection level.    
 
4.5. Geomechanics 
Injection induced pore pressure changes have a time variant impact on the magnitude and distribution of stress in the 
reservoir.  This results in the need for coupling of the dynamic reservoir engineering and geomechanical models. A 
3D mechanical earth model (MEM) was constructed for the Mt. Simon and adjacent formations. This 
geomechanical model was coupled with the reservoir simulation model for numerical modeling of transient stress-
strain variations during the first 16 months of injection and observed microseismicity. The features defined through 
the FPS analysis of microseismic clusters were implemented in the geomechanical model. Figure 11(a) shows the 
initial MEM condition for minimum horizontal stress and critical stress state of each feature. Note that the stress 
state of features varies with depth along the sloping features and that the feature oriented parallel to the minimum 
stress is very stable. Time variant stress conditions predicted by the coupled numerical model were used along with 
 Robert Will et al. /  Energy Procedia  63 ( 2014 )  4424 – 4436 4429
assumed failure criteria to compute moment magnitude of the events resulting from failure at each feature based on 
a fault mechanics model [6]. Figure 11(b) shows an example of observed microseismic events and events predicted 
by the coupled process model. Model predictions are in general agreement with observations lending support to the 
validity of the conceptual model. However, work to refine the poorly constrained parameter assumptions in the post-
processing stage is ongoing.        
 
5. Conclusions 
Through these multi-disciplinary, multi-scale studies, including the application of sophisticated modelling 
technologies, an understanding of the relationship between subsurface geology and observed microseismicity is 
evolving. While no single observation set supports unambiguous correlation, the consistency between multiple lines 
of investigation supports an interpretation of in-situ stresses, rock fabric anisotropy, grain scale failure, and 
relationships to basement structure, all consistent with realistic hypotheses for the microseismic source event 
mechanisms which may be approximated using fault mechanics theory. However, the exact geometry and location 
of the source feature may only be inferred. Whether these planes of weakness are tectonic or stratigraphic in origin 
has not yet been ascertained. 
 
A significant impediment to development of predictive capability is the need for a-priori knowledge regarding 
location and geometry of the planes of weakness. The current methodology involves calibration of the properties 
(through history matching against historical observations) of model elements representing planes of weakness, the 
location and approximate geometry of which, are inferred from the microseismic clusters due to the lack of direct 
evidence in 3D seismic data. Given this limitation, predictive capability may only be developed for these known 
features. However, once calibrated these features may serve as analogues in “what-if” scenario modelling for risk 
management. Finally, this work adds to the body of available knowledge about the mechanical properties of 
microseismic source mechanisms. Such knowledge will be of value to other projects in which potential source 
features may be directly interpreted from seismic data and thus included in the mechanical model without the need 
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Figure 1. Geologic column of the Cambrian -age strata overlying the Precambrian basement at the 
IBDP site. 










Figure 2. Cut-away cross section view of the IBDP 3D static model showing seismic data, 
seismic inversion results, well log locations, Mt. Simon base surface, and 3D geo-statistical 
porosity distribution. 
Figure 3.  (a) Map view of IBDP project site; (b) 3D view of microseismic monitoring array components.  







Figure 4. (a) Map view of microseismic clusters with magnitude (color); (b) Richter-Gutenberg plots for 
selected microseismic clusters illustrating distinct tectonic characteristics (b=1). 
Figure 5. (a) Microseismic clusters with hypothetical planes of motion as inverted from P/Sh fault plane solution; (b) 
Example P/Sh fault plane solution analysis for strike-slip model. 









Figure 6. (a) Fractured core from the pre-Mt. Simon formation at measured depth of 7001' (2134 m) in well CCS1; 
(b) core micrograph from pre-Mt. Simon core sample at measured depth of 7002' in well CCS1. 
Figure 7. Horizontal slice through the maximum 3D curvature seismic attribute at approximate depth of 
lower Mt. Simon A/pre-Mt. Simon interface. 











Figure 8. Depth converted seismic interpretation of pre-Mt. Simon surface 
and microseismic events. 
Figure 9. Weathered extensional topography in Death Valley, USA, believed to be a modern analog for the Pre-
Cambrian surface underlying the pre-Mt. Simon at the IBDP site (from Google Earth). 

















Figure 10. (a) Reservoir simulation pressure versus time at the approximate center of microseismic cluster 4 and microseismic event 
frequency histogram; (b) Map view of simulated CO2 plume, simulated differential pressure (P[t]-P[0]) contours and microseismic events. 
Figure 11. (a) Map view of 3D MEM model showing minimum principle stress azimuth and stress state of hypothetical 
planes of motion inverted from microseismic FPS analysis; (b) Map view of hypothetical planes of motion and predicted  
microseismic events from 3D FEM. 
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